Canine atopic dermatitis (cAD) is a common hereditary clinical syndrome in domestic dogs with no definitive diagnostic tests, which causes marked morbidity and has a high economic impact internationally. We created a novel questionnaire for Labrador (LR) and Golden retriever (GR) owners to evaluate canine skin health with respect to clinical signs of cAD. 4,111 dogs had fully completed questionnaires (2,803 LR; 1,308 GR). 'Cases' (793) had a reported veterinary diagnosis of cAD, and 'controls' (1652) had no current or past clinical signs of cAD and were aged >3 years. Remaining dogs (1666) were initially categorised as 'Other'. Simulated annealing was used comparing 'Cases' and 'Others' to select a novel set of features able to classify a known case. Two feature sets are proposed, one for use on first evaluation and one for dogs with a history of skin problems. A sum for each list when applied to the whole population (including controls) was able to classify 'Cases' with a sensitivity of 89% to 94% and specificity of 71% to 69%, respectively, and identify potentially undiagnosed cases. Our findings demonstrate for the first time that owner questionnaire data can be reliably used to aid in the diagnostic process of cAD.
Results
In total, there were 4,479 responses to the carefully tailored owner-friendly questionnaire (see Supplementary  Table S1 for all questions asked) in the 4 months during which it was active, of which 60 were automatically disqualified, 417 were labelled partial, and 4,002 were labelled as completed. Of the 417 labelled partial, 58 had not completed the registration page, so their responses were deleted, as they provided no consent to store their details. Ninety-four partials had registered their dog but had not answered any of the questions in the questionnaire, leaving 148 responses where the questionnaire was partially completed; with the remaining 114 having gone on to complete the questionnaire in a separate response. Of the 4,002 completed questionnaires, 42 dogs were in the dataset twice with their owner having completed the questionnaire on two occasions for reasons unknown; the first entry for each duplicate was removed, retaining only the second entry. The final dataset consisted of 4,111 responses, of which 3,963 (96%) were complete and 148 (4%) were partially completed.
Subjects. Of the 4,111 useable responses 2,803 (68%) were Labrador retrievers (1432 M:1371 F) and 1, 308 (32%) were Golden retrievers (668 M: 640 F). A total of 88% of the dogs were Kennel Club registered, 9% were not and 3% were not known. The majority of dogs (92%) were from the United Kingdom, 5% were from the United States, 1% from Canada, 1% from Ireland and less than 1% from other countries. The majority of responses were from people informed of the project by The Kennel Club (62%), with 15% through Facebook, 6% had simply said they were emailed about it and the remainders were via other sources or didn't answer. The vast majority (84%) of dogs were described as pets, 8% were trained as gundogs, 3% were show dogs, 3% breeding dogs, and the remainder were 'Other' types of dog (2%) or working dogs (1%) (see Supplementary Table S2 for full number breakdowns).
The mean age of dogs in the sample was 6.1 years (SD ± 2.7), with 18 dogs that were less than 1 year of age and 11 dogs aged 17. With regard to neuter status, 66% (2732) of dogs in the sample were spayed or castrated, whilst www.nature.com/scientificreports www.nature.com/scientificreports/ 33% (1346) were intact, 1 was 'Not Known' and 32 were missing responses. The median age at neutering was 12 months. Fig. S2 , Supplementary Table S3) 40% of the sample was designated as a Control, 19% as a Case with a veterinary diagnosis of cAD, and 41% Other (Table 1) .
Diagnostic criteria. Using logic-based criteria (Supplementary
Simulated-annealing applied to the Case and Other data identified two new sets of potential diagnostic questions from the questionnaire that could classify the known cases ( Table 2 ). The full list of 13 identified features contained questions that could only be answered for dogs with a past history of skin problems (full list), whilst retaining only those features that could be answered based purely upon presenting clinical signs left 8 questions (reduced list). As all of the features were binary in nature, a simple sum could be made and the appropriate cut-off for prediction maximising the sensitivity was selected.
The full list classified cases with a sensitivity of 94% and specificity of 69% (overall accuracy 74%) if 3/13 features were answered positively (PPV for a known case rate 42% and NPV 98%). The reduced list, with a cut off of 2/8 features being answered positively, was able to classify cases with a sensitivity of 89% and specificity of 71% (overall accuracy 74%, PPV for a known-case 42%, NPV 97%). The summed scores were linearly associated with a dog being a case or not, with dogs with higher summed scores having increased chances of being a case. For every additional feature answered positively in the full list, the dogs odds of being a case increased by 1.13 (GLM: OR 2.13, Z 29.19, p < 0.001) and for the reduced list by 1.35 (GLM: OR 2.35, Z 27.94, p < 0.001, Fig. 1 ). Both methods have a 'false positive' rate of just below 6/10, however it is worth noting that only 0.2% Controls were classified a Case by the reduced list, and 0.4% by the full list (out of 1,652). The 'false positives' are therefore not dogs with healthy skin, but dogs with skin problems that resemble cAD that could be thus far undiagnosed cases and would warrant further clinical evaluation.
In order to investigate how similar the non-cases classified as a 'false positives' are to the known cases on all facets of their skin health, the 'false positives' identified by the reduced list (the first that would be used when a dog presents with clinical signs) were then evaluated as a separate group to known cases, controls and dogs with 'Other' skin conditions. We refer to these as Potential Cases, as they had not received a diagnosis of cAD at the time of the questionnaire but have been predicted to be cases.
Comparison of the answers provided for Cases (with existing veterinary diagnosis), Controls, Potential Cases and Others allow us to establish the construct validity of the questionnaire for identifying dogs with and without the disease by ascertaining whether our findings met expectations based upon what is currently known about cAD. For example, Cases would be expected to score highest on the modified-Edinburgh pruritus scale, and Controls the lowest, whilst Potential Cases should score similarly to Cases if they are indeed dogs with undiagnosed cAD. www.nature.com/scientificreports www.nature.com/scientificreports/ improve, and 55.3% said it had not helped. The majority (79.6%) of respondents did not know whether their dogs' relatives had the same or similar skin conditions, with 10.6% saying No and 7.1% saying Yes. A total of 18.5% had not tried steroids, but of those who had, 89.5% said it had seen their dogs skin improve, and 10.5% said it had not helped. 25.3% of owners had not tried medication other than steroids. Of those who had, 89.7% said other medication had resulted in improvement, and 10.3% said it had not helped. In regard to seasonality, 50.4% of Cases had a recognisable seasonal pattern to their skin problems. Of these, the majority (63.2%) were worse in the summer, with 31.2% worse in the spring/autumn and only 5.6% worse in the winter. In terms of age of onset, 81% of Cases reportedly began showing signs when the dog was 3 or younger, and 19% when aged 4 or over. The most common period for cAD to begin was between 6m-3yrs (56% of dogs).
Skin conditions in controls, cases, potential cases and other. Four groups of dogs were compared on their skin health responses: known-cases; controls; potential cases (non-cases classified as cases using the feature lists) and 'other' (dogs with some form of skin condition classified as a non-case using the feature list).
With regards to co-morbidity with cAD, Cases had significantly higher proportion of other diagnosed skin problems than any other group (Tables 3 & 4) . Just over half (51%) of Cases had also received a diagnosis of otitis externa (ear infections), compared to 5% of Controls, 42% of Others and 34% of Potential Cases. A quarter (25%) of dogs with cAD and 11% of Potential Cases also had diagnosed food allergies. Considering differences between Potential Cases and dogs with a diagnosis of cAD (Cases), the Potential Cases were significantly less likely than diagnosed Cases to have a diagnosis of food allergies, yeast skin infections, bacterial skin infections, flea allergic dermatitis and otitis externa but more likely to have a diagnosis of 'wet eczema' (acute moist dermatitis) ( Table 3) . There was no difference in occurrence of mange between any group. Considering Potential Cases and Others, there was no significant difference in disease occurrence for flea allergic dermatitis and 'wet eczema' , but the Potential Cases were significantly more likely than the Others to be diagnosed with food allergies, yeast skin infections and bacterial skin infections, and significantly less likely to be diagnosed with otitis externa. Predicted probability of being a Case having atopic dermatitis as a function of a dogs reduced list sum. The 95% confidence intervals are shown around the predicted probability, calculated using profiled loglikelihood. www.nature.com/scientificreports www.nature.com/scientificreports/ In addition to the diseases described in Table 4 , 19 golden retrievers were reported in the free text boxes to have ichthyosis, whilst a further 19 dogs were reported to have dandruff/flaky skin, and 2 further dogs as having their skin turn black.
Skin questions relevant to all groups. Exactly 50% (397) of Cases had been allergy tested, compared to 9% of Potential Cases, 3% of Other and 1% of Controls. Compared to Controls, Cases, Potential Cases and Other dogs were reported as having significantly more gastric issues (frequent loose stools) (GLM: p < 0.001, Wald = 44.59) and vomiting (GLM: p < 0.001, Wald = 23.02), but were not significantly different from each other for either variable. There was a significant difference in modified-Edinburgh Pruritus Scale scores for all skin groups (Fig. 2 , ANOVA, df = 3, F = 1517.32, p < 0.001) [although it must be noted that Controls were classified as dogs whose owners answered 'no' to an earlier question indicating that they had had no "current or past signs of abnormal itchiness"]. Potential Cases scored similarly to Cases, but Cases had significantly higher mean pruritus scores (Tukey post-hoc mean difference 0.80, p < 0.001).
Amongst the Cases, 77% were reported as having had abnormal appearing skin now or in the past, compared to 69% Potential Cases and 20% of Others, whilst 88% of Cases and 86% of Potential Cases were reported as having had itchy skin now or in the past, compared to 22% of Others (no controls answered 'yes' here as answering 'no' to these were part of the selection criteria for a control). Cases and Potential Cases showed the highest proportion of allergy signs in terms of whether they could be seen to recurrently and frequently: scratch, paw lick/chew; lick/chew other areas; rub their face; sneeze; have a runny nose; or have watery eyes (Fig. 3) . 60-70% of Potential Cases and Cases displayed abnormal levels of scratching, respectively, and paw licking/chewing was seen by 53-63% of these groups. 44-59% displayed abnormal levels of licking/chewing other body areas, and 46% of Cases and 34% Potential Cases repeatedly rubbed their faces. Comparatively, only 2-7% of Controls and 10-19% of Others were seen exhibiting these behaviours. It must be noted that these allergy signs were not used to classify the Potential Cases.
Questions relevant only to dogs with skin conditions. For dogs reported to have had a skin condition, 48% of Cases said their vet had suggested a diet trial, compared to 16% of Potential Cases, and 6% of Other.
Compared to dogs in the Other group, Cases and Potential Cases recurrently itched most on their fore paws (58% and 50% vs 5%), underbelly (51% and 35% vs 17%), hind paws (36% and 26% vs 5%) and armpits (axillae: 35% and 27% vs 2%) ( Supplementary Fig. S3 ). Potential Cases only itched more than Cases in the collar region (22% vs 16% and 4% Others), whilst those in the Other group only itched with a high proportion (25%) on their ears (Cases 46%, Potential Cases 33%).
With regards to abnormal and damaged skin, Cases and Potential Cases exhibited a much greater proportion of reddened, damaged, rough/scaly skin and bald/thinning fur than did dogs in the Other category (Fig. 4) . Other dogs were least likely to exhibit every form of abnormal skin, and Potential Cases exhibited slightly to Table 4 . Cumulative incidence (also known as incidence proportions) figures for each skin disease diagnosis received for the dogs in a self-selected study sample (n = 4,111) as reported directly by their owners. www.nature.com/scientificreports www.nature.com/scientificreports/ moderately fewer of all abnormalities than Cases with all differences statistically significant saving for 'greasy' skin (Supplementary Table S4 ).
The main areas of the dogs' bodies that were affected by the skin abnormalities shown in Fig. 5 , for Cases and Potential Cases compared to Others were: fore paws (41% and 29% vs. 3%), hind paws (28% and 21% vs 1%), www.nature.com/scientificreports www.nature.com/scientificreports/ armpits (axillae: 36% and 23% vs 10%); underbelly (57% and 36% vs 27%) and elbows (14% and 18% vs 4%) ( Supplementary Fig. S4 and Supplementary Table S5). Potential Cases had significantly fewer lesions than Cases in every region except for the elbows, collar region and back, but they had significantly more lesions than Others everywhere except for the inside of their ears, and their back (Supplementary Table S5 ). Although less affected, Potential Cases showed a similar pattern to Cases in the location of skin abnormalities by body area (Fig. 5) .
Of the seven a-priori expectations that were tested in order to provide evidence for construct validity (whether a test measures what it reports to measure) of the questionnaire, all seven were met (Table 5 ).
Discussion
The aim of this study was to develop a questionnaire for completion by dog owners with accompanying classification criteria that could identify dogs with diagnoses of cAD and other skin conditions, as well as suitable controls, and enable us to predict those dogs that may have thus-far undiagnosed cAD. During the 4-months that the survey was open we were able to recruit over four thousand dog owners, with 4,111 useable questionnaires. Epidemiological evaluation of the questionnaire answers revealed four groups of dogs: Cases (dogs with diagnosed cAD); Controls; 'Potential Cases' which may have undiagnosed cAD and Other (dogs with non-cAD skin conditions).
It must be acknowledged that there was no control over diagnosis in this study. The questionnaire, named the canine atopic dermatitis research and diagnosis questionnaire (cAD-RQ) relies upon owner report of veterinary diagnoses. As there is no standard diagnostic test for cAD, practitioners must rely upon presence and severity of a range of clinical signs and their own experience to make a diagnosis 7 . It is therefore possible that dogs may have been misdiagnosed due to similarities with other similar conditions. Therefore, the cAD-RQ is considered to evaluate cAD sensu lato; in the broad sense, due to the widest range of allergens. Control animals were over the age of 3 years and had exhibited no signs of skin disease.
To establish construct validity of the cAD-RQ as evaluating true cases of cAD, and identifying true potential cases, the results of this study were compared to what would be expected for dogs with clinically sound presentation. All of the findings presented here match well to what would be expected if our group of owner-reported Cases were true cases of cAD, providing support for the construct validity of the cAD-RQ as a tool for evaluating cAD via owner report.
The pattern of affected body areas for Cases and Potential Cases matched well to the pattern that would be expected for dogs with cAD 11 , with the most commonly affected areas being the front and back paws, axillae, inner ears and underbelly/groin. The muzzle and eye area would also be expected to be a commonly affected body region for cAD 11 , but here only Cases exhibited itching in the muzzle area for more than 20% of dogs. As with previous studies, the majority of Cases developed clinical signs when under 3 years of age; 81% of dogs here compared to 78% previously reported 19 , confirming that one fifth of Cases develop cAD when aged over 3. Further, Cases scored significantly higher on the modified-Edinburgh Pruritus Scale than any other group and had a significantly higher cumulative incidence than any other group for associated skin conditions including ear, yeast and bacterial infections and food allergies as would be expected 20 . Based upon these results there is good reason to believe that the dogs reported here as having cAD by their owners do indeed represent the standard phenotypic www.nature.com/scientificreports www.nature.com/scientificreports/ presentation for the disease and can as such be considered true cases. Further, these dogs can be considered representative of the diagnosed population of dogs, showing the full spectrum of the disease, rather than a narrower group that might be included in other case-control studies focusing on an extreme phenotype.
It is expected that prevalence estimates for cAD based upon veterinary diagnosis are underestimated due to mild cases not being taken to the vets and lack of recognition/recording of certain signs as being indicative of cAD 1 . Here, by collecting data directly from owners the cAD-RQ has shown its strength. Further evaluation of the questionnaire answers allowed us to identify two new sets of criteria within the cAD-RQ itself that were able to correctly classify 89-94% of diagnosed cases and exclude 99.9% of controls. The specificity of these criteria mean that 29-31% of dogs identified by them did not, at the time of the survey, have a diagnosis of cAD. However, investigations of the clinical signs reported by the owners of this group of 'false positives' , referred to here as Potential Cases, revealed that they presented very similarly to diagnosed cases, if less severely, and very differently from Other non-cases and controls. It is highly plausible therefore to propose that these 'false positives' could in-fact be considered dogs with an allergic skin disease that have thus far gone undiagnosed and that they truly are potential cases. Reasons for this could be varied, some owners reported in the free text that their dog had only just started showing signs of skin problems and were currently undergoing veterinary exploration, others that their dogs skin problems didn't impact the dog's quality of life or had been considered too mild to warrant veterinary attention. The implications of this are vast when considering future management options for the disease, especially where breeding programmes are concerned, as many dogs may have the condition, but may lack an official diagnosis. Tools such as the questionnaire proposed here could help to identify such dogs. We envisage that the cAD-RQ and the associated diagnostic criteria presented here could be utilised in a clinical setting prior to clinical evaluation to capture skin health information relevant to diagnosis of cAD in a standardised manner. The criteria are suitable for use as a diagnostic aid only once clinical signs have begun to be noticed, so it would not be recommended that it be used to identify a dog as being 'clear' of allergies whilst it is still of an age where it is at risk (i.e. under 3 years of age).
A similar questionnaire to the cAD-RQ was presented in a recent study of Finnish dogs (published after this study had concluded) by Hakanen and colleagues 21 . They were able to show that allergy signs could be meaningfully combined to form an 'allergy index' . In our study, a much higher proportion of dogs with a known diagnosis and Potential Cases exhibited allergy signs than did controls and 'others' , yet allergy signs themselves weren't included in the classification criteria. It is possible that an allergy index similar to that presented by Hakanen and colleagues could be used to further classify the severity of the cases and undiagnosed cases.
An important incidental 'finding' of this study was the strong willingness for dog owners to take part in this research, even when their dog had no skin problems. This allowed us to collect a large amount of skin health data in a relatively short period of time and, in conjunction with the strong construct validity of the questionnaire, acts as a proof-of-concept for the epidemiological evaluation of complex health conditions like cAD via owner report questionnaires.
Whilst this study only included purebred Labradors and Golden retrievers, it is anticipated that the tool could be used for any breed of dog due to the general nature of the criteria identified here and the focus on clinical signs common between breeds, which would allow for intra-breed comparisons. Previous diagnostic criteria have been shown not to be heavily impacted by breed variations 10 although a validation study will need to be conducted to confirm this and make breed-specific adjustments to the cAD-RQ if necessary. The nature of this disease is too complex for any one tool or set of diagnostic criteria to be used in isolation. However, the questions presented here could be of value not only for researching cAD (in the broad sense) and associated skin conditions but for use in the veterinary setting as a method of collecting standardised data on the life history and clinical features of presenting dogs prior to a clinical evaluation. Recorded veterinary histories tend to be functional rather than detailed, and by using this questionnaire, detailed standardised data could be collected regarding skin health www.nature.com/scientificreports www.nature.com/scientificreports/ recorded directly by the owner prior to their consult; saving time in already time-pressured consultations and assisting in the diagnostic process.
Methods
Questionnaire development. A questionnaire for dog owners was developed to evaluate their dog's skin health with respect to the clinical signs of cAD. Initial questions were asked of all respondents and were used to determine which further questions were asked. All participants were asked to record any skin-related diagnoses that had been made by a veterinarian, as well as any undiagnosed skin conditions. Participants were further asked whether their dog had now or in the past exhibited clinical signs related to pruritic skin conditions and were asked to score their dog on a modified Edinburgh pruritus scale 17 ; modifications were minor wording changes and additional descriptions of itch related behaviour to further define the categories. Participants who answered that their dog had had no diagnosed skin problems or signs of skin disease were sent to the end of the questionnaire after completing the first page of the skin health questions. All other participants were asked further questions presented in an owner-friendly manner, relating to their dog's skin condition, using question logic to ask questions only when relevant (i.e. based upon the owners answer to the previous question, see Supplementary Table S1 for all questions). These further questions were developed based upon dermatological literature regarding the clinical signs and diagnosis of cAD 11, 15, 22 . Additional questions were also asked regarding the demographics of the dog and living environment, which will be evaluated in a separate publication.
The questionnaire was piloted with owners of six atopic dogs from a local veterinary practice and feedback on the questions' applicability, user-friendliness and clarity was requested to aid question refinement. Further refinement of the questions to aid user-friendliness was conducted via an in-depth review by researchers within the Centre for Evidence-based Veterinary Medicine (CEVM). Distribution. In order to limit the variability in the presentation of clinical signs and to gather a large enough number of responses to help validate the tool, for the purpose of this study only two of the UK's most popular breeds were included; purebred Labrador and Golden retrievers. The final questionnaire (see Supplementary  Table S1 and Supplementary Fig. S1 for all questions as they were trialled) was hosted on SurveyGizmo.com and could be accessed via a project specific website (www.itchydogproject.co.uk). The project was advertised through relevant media sources (i.e. Vet Record, the Vet Times and dog magazines), via social media (Facebook and Twitter), and was listed on The Dog Science Group webpage and The Kennel Club BARC site. Further recruitment was conducted via The Kennel Club, who sent direct emails out to registered owners of Labradors and Golden retrievers providing details of the project and inviting them to participate. All owners of these breeds were invited to participate no matter what the condition of their dog's skin, with it being made clear that they did not have to have atopic dermatitis or itchy skin to take part. Owners of dogs aged less than 3 years of age with no skin conditions at all were excluded, due to the possibility that their dog may yet develop cAD so couldn't be considered to be a control. If a dog had a skin condition it could participate at any age. Dogs of breeds other than purebred Labradors and Golden retrievers were excluded upon registration.
The online questionnaire was open for 4 months between March 11 th and July 10 th and the full dataset was downloaded on the 10 th of July as a CSV file for cleaning in Excel. This project was conducted in accordance with the University of Nottingham's Code of Research Conduct and Research Ethics and has been approved by the University of Nottingham, School of Veterinary Medicine and Science research ethics committee (identification reference 1979,170217). All potential participants were fully informed about the project and were provided with contact details to ask further questions or withdraw from participation. Written, informed consent to take part in the project and for the data to be used was gained upon registration for the project at the beginning of the questionnaire, without which they could not participate.
Data cleaning. The data was cleaned by removing disqualified responses, where no consent was given, or the dog was a breed other than purebred Labrador or Golden retriever. Partial responses were compared against completed responses (using the columns containing the owners name and the dog's name) to identify owners who had subsequently completed the questionnaire. Where this occurred, the partial response was removed.
Due to the nature of the 'Date' question in SurveyGizmo.com, people had the option to type in the date their dog was born, which led to great variation in the format the date took, and in many cases, left no way to distinguish whether they had used a British date format (dd/mm/yyyy) or US date format (mm/dd/yyyy). For this reason, exact ages at the time of survey completion could not be calculated, so the last two digits from every date of birth entry were selected to provide the year the dog was born. The year they were born was subtracted from '17' to calculate the dog's age to the nearest year.
The term 'hot spots' is often used by the public to refer to wet eczema, whilst 'acute moist dermatitis' is the veterinary terminology. Where owners did not select 'wet eczema' under skin conditions but went onto report their dog had hot spots or acute moist dermatitis in text boxes associated with the questions "Another skin or ear disease not listed here" or "Undiagnosed skin problems", they were classified as having had wet eczema.
All checkbox answer options were dummy coded within Excel so that a selected answer was scored with a '1' and an unselected answer was scored as a '0' . Any questions that had NA as an option were recorded as NA.
statistical analysis. Skin health data was analysed using SPSS v.22 (SPSS Inc., Chicago, IL). Dogs were first classified as a Case, Control or Other using a two-step process according to the logic outlined in Supplementary  Table S1 . For dogs in the Other group, further skin conditions were identified from information provided in the free text boxes when owners selected that their dogs had either "Another skin or ear disease not listed here" or "Undiagnosed skin problems".
